Abstract. I discuss the conditions under which the application of chiral perturbation theory to the NN potential gives reliable results for NN scattering phase shifts. χPT also yields a convergent expansion for the deuteron charge operator. For cutoffs < 1 GeV, this produces precise predictions for deuterium's quadrupole and charge form factors in the range Q 2 < 0.25 GeV 2 .
INTRODUCTION
The use of chiral perturbation theory (χPT) to compute nuclear forces is a problem that has received much attention over the past twenty years. This effort began with the seminal papers of Weinberg [1] and is referred to in this contribution as "chiral effective theory" (χET). χET uses χPT to compute the NN potential up to some fixed order, n, in the chiral expansion in powers of P ≡ (p, m π )/Λ 0 . (Here the breakdown scale Λ 0 is nominally m ρ ∼ 4π f π , but in reality is somewhat lower for reactions involving baryons.) This NN potential is then iterated, using the Schrödinger or Lippmann-Schwinger equation, to obtain the scattering amplitude. The resulting wave functions can be combined with, e.g. electromagnetic current operators, also derived from χPT, in order to derive results for few-nucleon-system observables that are grounded in QCD's pattern of chiral-symmetry breaking. In addition, χET results can be assessed for convergence as a function of the order, n, of the calculation. This enables specification of theoretical uncertainties based on the anticipated size of the O(P n+1 ) corrections to the process of interest.
NN SCATTERING IN χET
To solve the Schrödinger equation with potentials derived from χPT we must introduce a cutoff, Λ, on the intermediate states, because χPT potentials grow with momenta. The low-energy constants (LECs) multiplying contact interactions in the nucleon-nucleon part of the chiral Lagrangian should then be adjusted to eliminate any Λ-dependence in the effective theory's predictions for low-energy observables. If this is not possible we conclude that χET is unable to give reliable predictions.
At leading order (LO) the χET potential contains a zero-derivative contact interaction that is operative only in NN partial waves with L = 0. One-pion exchange is also present in the LO potential, and is active in all partial waves. It couples S = 1 partial waves with ∆L = 2 through its tensor part. Ref. [2] showed that the LO χET potential leads to a Λ-independent amplitude in the limit Λ → ∞ in the 3 S 1 -3 D 1 channel. At fixed pion mass a Λ-independent result is also obtained in the 1 S 0 channel [2] . Recently we showed how to "subtractively renormalize" the LO equations for NN scattering in these two channels [3] . This technique eliminates the contact interaction in favor of a low-energy observable (e.g. the relevant NN scattering length). This makes it straightforward to take the limit Λ → ∞: no finetuning of the pertinent LEC is necessary. The resulting phase shifts (and one mixing parameter) do not provide anything like a precision description of NN data, but they are, at least, a well-defined, renormalized LO calculation.
In Refs. [4, 5] (Refs. [6, 7] ) V was computed to O(P 2 ) and O(P 3 ) (O(P 4 )), and the several NN LECs which appear in V were fitted to NN data for a range of cutoffs between 500 and 800 MeV. The O(P 4 ) predictions contain very little residual cutoff dependence in this range of Λ's, and describe NN data with considerable accuracy.
However, several recent papers showed that a LO χET calculation does not yield stable predictions in partial waves with L > 0 once Λ is sufficiently large [8, 9, 10, 11] . This problem occurs because only one-pion exchange is present in these waves at LO. The resulting singular potential has no NN LEC that permits renormalization. Recently we examined this problem within the context of subtractive renormalization. We confirmed the conclusion of Ref. [9] , i.e. any partial wave with L > 0 where one-pion exchange is attractive does not have stable LO results in χET. We also FIGURE 1. P-wave NN phase shifts at T lab = 10 MeV as a function of the Lippmann-Schwinger equation cutoff Λ. The blackdotted line is the O(P 2 ) χET calculation with the potential obtained via dimensional regularization. The dashed red (solid green) line is for the O(P 3 ) potential calculated using dimensional regularization (spectral-function regularization). From Ref. [12] .
showed that this problem is not removed at O(P 2 ) or O(P 3 ). In particular, at O(P 3 ) two-pion exchange produces a highly singular, attractive potential. The NN contact interactions needed to renormalize this potential are not present, e.g. in the 3 P 2 -3 F 2 channel. The resulting lack of stability with Λ of the NN phase shifts can be seen in Fig. 1 . We identified the cutoff where such difficulties first occur as ≈ 1 GeV.
FIGURE 2.
The phase shifts associated with NN scattering in the J = 1, S = 1 channel at various cutoffs Λ. The triangles are the 1993 Nijmegen PSA [14] . These results are for the O(P 3 ) dimensionally regularized χET potential. From Ref. [13] .
In Ref. [13] we used subtractive renormalization to calculate S-wave NN phase shifts from O(P 2 ) and O(P 3 ) χET potentials. Here too we found that the phase shifts are not stable once Λ > 1 GeV (see Fig. 2 ). In this case part of the problem is that the momentum-dependent contact interaction that appears at O(P 2 ) has limited effect as Λ → ∞ [15] .
All of this indicates that χET as formulated above is not properly renormalized, i.e. the impact of short-distance physics on the results is not under control. Thus the NN potential obtained by straightforward application of χPT cannot be used over a wide range of cutoffs. It can perhaps be used if we employ Λ's in the vicinity of m ρ [16, 17] . Since the short-distance physics of the effective theory for p ≫ m ρ is different to the short-distance physics of QCD itself, it is not clear that considering Λ ≫ m ρ yields any extra information about the real impact of short-distance physics on observables. Using low cutoffs also has the advantage that relevant momenta are demonstrably within the domain of validity of χPT. This justifies χET as a systematic theory, but at the cost of limiting us to m π ≪ Λ < m ρ .
PREDICTIONS FOR ELASTIC ELECTRON-DEUTERON SCATTERING AT LOW Q 2
Chiral effective theory can also be used to organize electromagnetic current operators as an expansion in powers of P. The pertinent matrix elements are then constructed via:
where |ψ (i) and |ψ ( f ) are solutions of the Schrödinger equation for the χET potential V -in principle at order n. (For recent progress towards the completely consistent construction of V and J µ see Refs. [18, 19] .)
Here we focus on deuteron charge and quadrupole form factors, calculated as matrix elements of the NN charge operator J 0 using the standard (Breit-frame) formulae [20] . We compare χET predictions for G C and G Q with extractions from data for the deuteron structure function A and the tensor-polarization observable T 20 [24] . (For χET calculations of the deuteron magnetic form factor, G M , and deuteron photodisintegration see Refs. [20, 21, 22, 23] .)
The leading piece of J
E the nucleon's isoscalar electric form factor. Apart from tiny effects ∼ 1/M 2 this is correct up to O(eP 3 ) (counting M ∼ Λ 0 ).
The LO calculation of G C that uses this operator, together with the LO deuteron wave functions of Refs. [9, 26] , provides a good description of the data out to |q| ≈ 600 MeV [27] . However, two-pion-exchange corrections affect the position of the form-factor minimum, and so must be considered for a precision description. If the potential at O(P 3 ) is employed to calculate wave functions then the charge operator should be evaluated up to O(eP 3 ). At that order J 0 contains a two-body contribution of one-pion range. The coefficient of this contribution is, however, determined by g A , f π , and the nucleon mass [20] , and so results for G C and G Q are still predictions. The bands represent the theoretical uncertainty and the stars are the values of |q| where BLAST has data. The data shown is from Ref. [24] . Figures from Ref. [25] , which should be consulted for details.
The left panel of Fig. 3 shows that prediction for G C for various wave functions. The consistent, O(eP 3 ), χET result is obtained with the "NNLO" wave function, and is indicated by the diagonally shaded band. The variability comes from changes in the result as Λ is varied. In these calculations we keep Λ < 1 GeV, which ensures that the O(P 2 ) and O(P 3 ) corrections to the deuteron wave function are only small perturbations to the LO result. The O(eP 3 ) χET result is, though, in markedly better agreement with the electron-deuteron scattering data than the LO [O(e)] one.
In the M → ∞ limit there are no two-pion-range two-body contributions to the isoscalar part of J 0 at O(eP 4 ) [18, 28] or O(eP 5 ) [28] . There are also no one-pion-range pieces of J (s) ∼ (N † N) 2 ∇ 2 A 0 can affect the predictions for G C . The coefficient of this operator is constrained by measurements of the deuteron charge radius. The NNLO wave functions of Ref. [7] with the O(eP 4 ) J 0 yield r 2 1/2 pt = 1.975(1) fm. The uncertainty comes from short-distance differences between the wave functions. The deuteron isotope shift gives a value 1.9748(7) fm for the same quantity [29] . The very small difference between these two numbers constrains the LEC multiplying the O(eP 5 ) short-distance contribution to J (s) 0 . This indicates that the prediction for G C shown in Fig. 3 is accurate to ±1.5% at Q 2 = 0.16 GeV 2 [28] . This claim will be tested by forthcoming JLab data.
The situation is analogous, but plays out slightly differently, in the case of G C /G Q . At O(eP 3 ) the quadrupole moment, Q d , is quite sensitive to the short-distance physics included in the deuteron wave function. It varies by 2% when Λ is changed from 500 to 800 MeV. Intriguingly, this is roughly the size of the discrepancy between the Q d predicted at O(eP 3 ) and the experimental value Q d = 0.2859(3) fm 2 . Ref. [25] considered the short-distance operator at O(eP 5 ) that represents the contribution of modes above Λ 0 to G Q . The LEC multiplying this short-distance O(eP 5 ) operator was fixed by demanding that its coefficient be such that the experimental Q d is reproduced. Thus, at O(eP 5 ) χET cannot predict G Q at Q 2 = 0, but it can predict the Q 2 -dependence of G Q . That prediction's theoretical uncertainty comes from the Q 2 -dependence of short-distance NN physics, and is ∼ 3% at Q 2 = 0.16 GeV 2 . The inclusion of this short-distance, quadrupole operator leads to χET predictions for G C /G Q that have a different Q 2 -dependence to that obtained in potential models. BLAST data will provide a significant test of this result.
